In this study, the feasibility of using copper oxide (CuO) as an interface for the coupling of liquid chromatography (LC) and Fourier-transform infrared (FTIR) spectroscopy was investigated. CuO exhibits low absorption in the 4000 to 1000 cm -1 FTIR spectral region. In addition, LC-FTIR using CuO as the interface was extended to the analysis of sample mixtures containing benzamide and dioctyl sebacate; both analytes were successfully separated. After complete removal of the mobile phase, benzamide and dioctyl sebacate were successfully identified from the FTIR spectrum. Surprisingly, the interference from adsorbed water or conventionally used LC solvents in the FTIR spectrum was completely eliminated by using CuO particles as the interface in the off-line hyphenation of LC-FTIR. Based on these results, CuO demonstrates potential as an ideal interface for LC-FTIR analysis.
Introduction
Separation by liquid chromatography (LC) followed by spectroscopic identification has been extensively employed to analyze mixed samples in the fields of chemical, biological, and medical research and environmental protection, as well as in the food and pharmaceutical industries. [1] [2] [3] [4] Conventionally, LC is frequently coupled with UV-Vis detection for the identification of the separated substances based on their UV-Vis absorption. However, this method is not suitable for analytes that do not absorb in the UV-Vis region. Furthermore, UV-Vis spectra provide limited information regarding analyte structures. Hence, it is almost impossible to identify unknown substances based solely on their UV-Vis spectra.
On the other hand, Fourier-transform infrared (FTIR) spectroscopy 5, 6 is a universal tool for identifying various organic compounds or metal complexes with organic ligands, even if these compounds do not absorb in the UV-Vis region. In addition, FTIR spectroscopy provides considerable information with respect to the functional groups of separated compounds. [7] [8] [9] Furthermore, direct sample identification is also possible if a comprehensive FTIR database is available. Despite these aforementioned advantages of FTIR spectroscopy, the coupling of LC and FTIR has not been extensively reported. 10, 11 According to previous studies, two strategies have been utilized for hyphenating LC and FTIR.
1. On-line hyphenation: In this method, a flow cell is used for the continuous acquisition of spectra during experiments. [12] [13] [14] That is, the FTIR spectrum of the eluate containing both the mobile phase and separated analytes is recorded. Although various approaches, e.g., chemometric methods, have been employed, interference from the mobile phase in the FTIR spectrum of an analyte still poses limitations for the extensive applications of on-line LC-FTIR analysis. 15 2. Off-line hyphenation: In this method, an interface is adopted to collect samples eluted at different retention times. Then, the mobile phase is allowed to completely evaporate so that the FTIR spectra of the pure separated substances deposited on the interface can be recorded. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Off-line hyphenation exhibits an advantage in that the interference from the mobile phase is completely eliminated, which in turn, improves the signal-to-noise ratio of the resultant FTIR spectra. Gagel et al. have utilized the highly IR reflective surface of metals, such as aluminum, as the interface for collecting separated substances from the eluate, followed by recording the corresponding FTIR spectra in the reflection mode. However, this approach is limited by issues of band distortion. [22] [23] [24] A plausible approach is to use a hot germanium plate as the interface. During the experiment, the eluate obtained after LC separation, which elute at different retention times, are continuously deposited on the hot germanium plate for completely evaporating the mobile phase. Since germanium is transparent to IR light, the FTIR spectra of the separated samples can be recorded in the transmission mode. Nevertheless, a potential problem in utilizing this approach is associated with the orientation of separated substances (Scheme 1). After evaporation of the mobile phase, a separated analyte may crystallize on the germanium plate surface. Different crystalline planes or different lattice defects are exposed at different sites of the germanium plate, which can lead to different orientations of the crystallites of the separated samples. Hence, the obtained FTIR spectrum is dependent on the crystallite orientation. As a result, it is even possible that the FTIR spectrum of the same substance is different at different sites, which incurs additional difficulty for the chemical identification of separated unknown substances based on their FTIR spectra. An alternative to solving this issue is to use an interface in the powder form for the hyphenation of LC and FTIR. As shown in Scheme 2, the separated samples crystallize on the surface of each particle. In this case, the crystallites are isotropically orientated. Hence, the obtained FTIR spectra are not dependent on the orientation.
For using an interface in the powder form, it is crucial to select a suitable substance as the interface. It should be transparent to IR as well as be insoluble. Previously, our group has conducted several studies for investigating stationary phases suitable for thin-layer chromatography (TLC)-FTIR analysis. [7] [8] [9] [26] [27] [28] [29] [30] [31] A suitable stationary phase for use in TLC-FTIR should have the same prerequisites as the mentioned interface in powder form for HPLC-FTIR analysis. Although several insoluble inorganic salts, such as BaF2, LaF3, AgI, ZrO2, and zinc oxide (ZnO), are transparent to IR, a number of these salts tend to adsorb water. Unfortunately, it turns out to be almost impossible to remove the adsorbed water from these salts completely. As a result, strong and broad bands from O-H stretching and H-O-H bending of adsorbed water bring about troublesome interference on the FTIR spectra in TLC-FTIR analysis. In several cases, the interference from adsorbed water makes it impossible to obtain FTIR spectra of analytes from the corresponding separated spots on TLC plates. The investigations give us an impression that inorganic salts that contain oxygen or fluorine tend to adsorb water via O···H-O-H or F···H-O-H Scheme 1 Analytes crystallize on a planar interface. Because of the different orientation, different crystallites of the same substance may exhibit different FTIR spectra. Scheme 2 Analytes crystallize on the interface in the particle form. The crystallites are isotropically oriented. The resultant FTIR spectra are free from the interference attributed to crystallite orientation.
hydrogen bonds.
Notably, we have found that copper oxide (CuO) particles do not adsorb water despite the fact that CuO contains oxygen. From our further investigation, CuO powder was found to demonstrate potential for use as an ideal interface for LC-FTIR analysis.
Experimental
Reagents HPLC-grade methanol was purchased from Dikma Technologies Inc.
AR-grade dioctyl sebacate, ethanol, acetonitrile, CuO, cerium dioxide (CeO2), manganese dioxide (MnO2), ZnO, and magnesium oxide (MgO) were purchased from Beijing Chemical Company. Benzamide (98% purity) was purchased from Aladdin Reagents. Silica gel (200 -300 mesh) for LC was purchased from the Branch of Qingdao Haiyang Chemical Co., Ltd.
An LC column (400 × 15 mm) was home-packed by natural sedimentation of silica gel in methanol under gravity.
Instruments
All of the FTIR spectra were recorded on an FTIR spectrometer (Thermo-Fisher Nicolet 6700) equipped with a diffuse reflectance accessory at a resolution of 4 cm -1 , and a total of 32 scans were co-added to improve the signal-to-noise ratio. During the experiment, the FTIR spectrometer was purged with dry air to minimize any interference from water vapor. The Kubelka-Munk conversion was performed on all of the recorded FTIR spectra.
The samples were analyzed on an HPLC (Shimadzu) system, equipped with an LC-20AD pump, an injector mounted with a 20 μL sample loop, and an SPD-M10A diode array detector. Separation was carried out on a Dikma C18 column (particle size: 5 μm, column dimensions: 150 × 2.1 mm) with methanol at a flow rate of 0.400 mL/min.
Experimental procedure 1. LC-FTIR analysis by using
CuO as the interface. 1) Preparation of sample solutions. Sample 1: Benzamide (0.50 g) and dioctyl sebacate (0.50 g) were dissolved in methanol (10.0 mL), affording a mixed sample. Sample 2: Dioctyl sebacate (0.50 g) was dissolved in methanol (10.0 mL), affording a dioctyl sebacate solution. Sample 3: Benzamide (0.50 g) was dissolved in methanol (10.0 mL), affording a benzamide solution.
2) LC separation. First, 0.60 mL of Sample 1 was loaded on a home-packed LC column with methanol as the mobile phase. Elution was carried out under gravity, and the eluate was collected every 30 s.
3) Approximately 0.05 mL of each eluted sample was dropped into a cylindrical slot (12 × 3 mm) of a diffuse reflectance accessory filled with CuO powder. After the solvent was completely vaporized, the FTIR spectrum of each sample was recorded.
4) A three-dimensional (3D) chromatogram was constructed to illustrate the elution profile of the benzamide/dioctyl sebacate mixed sample after LC separation, generated using a program written in our laboratory with MATLAB (The MathWorks Inc.). For comparison, samples 2 and 3 were analyzed in the same manner so as to ensure the appropriate detection of benzamide and dioctyl sebacate from the FTIR spectra by LC-FTIR analysis with CuO powder as the interface. 2) HPLC separation. First, 20.0 μL of sample 4 was loaded on the HPLC system with methanol as the mobile phase at a flow rate of 0.400 mL/min. The eluted solution was collected every 30 s.
Preliminary HPLC-FTIR analysis using
3) Approximately 0.05 mL of the eluted sample was dropped into a cylindrical slot (12 × 3 mm) of a diffuse reflectance accessory filled with CuO powder. After the solvent was completely evaporated, the FTIR spectrum was recorded.
For comparison, samples 5 and 6 were analyzed in the same manner so as to ensure appropriate detection of benzamide and dioctyl sebacate from the FTIR spectra by HPLC-FTIR analysis using CuO powder as the interface. Figure 1 shows the FTIR spectrum of CuO particles (top panel). For comparison, the FTIR spectra of other metal oxides are also shown. In the FTIR spectra of MgO, CeO2, MnO2, and ZnO, absorption bands are observed in the 3600 -3000 cm -1 region, attributed to the O-H stretching modes of adsorbed water, and an absorption band is observed in the 1500 -1300 cm -1 region, attributed to the antisymmetric O-C=O stretching mode of carbonate. The results indicated that adsorbed water or carbonate are present in these metal oxides. On the other hand, an absorption band is not observed in 4000 -1000 cm -1 region in the FTIR spectrum of CuO, indicating that CuO is transparent in the mid-IR region. Moreover, adsorbed water is not observed on the CuO particle surface even if CuO is exposed to air for a long time.
Results and Discussion
For examining whether the mobile phase is completely removed from the CuO particle surface, the following experiments were performed. Water (0.05 mL), methanol (0.05 mL), ethanol (0.05 mL), and acetonitrile (0.05 mL) were applied on CuO powder, and then the FTIR spectra of CuO/ methanol, CuO/ethanol, CuO/acetonitrile, and CuO/water mixtures were recorded. The corresponding FTIR spectra are shown as trace 1 in Figs. 2(A) -2(D) . Strong absorption peaks for water, methanol, ethanol, and acetonitrile are clearly observed in all of these FTIR spectra. Next, the mixtures were placed in air at room temperature for different periods of time (the exact time for different solvent can be found in the caption of Fig. 2) , and then the FTIR spectra of the four CuO samples were recorded. The corresponding FTIR spectra are shown as trace 2 in Figs. 2(A) -2(D) . Absorption peaks corresponding to water, methanol, ethanol, and acetonitrile are not observable any more, clearly indicative of no adsorption or weak adsorption of water, methanol, ethanol. The results clearly demonstrate that CuO particles exhibit weak or no adsorption of water, methanol, ethanol and acetonitrile. Hence, CuO demonstrates potential for use as an ideal interface for LC-FTIR analysis.
For investigating whether CuO can be applied to an actual compound analysis, we use the LC-FTIR method by using CuO as an interface to analyze benzamide/dioctylsebacate (sample 1). Notably, benzamide and dioctylsebacate are both colorless compounds; thus, the elution profile of benzamide or dioctylsebacate cannot be reflected by the variation of the color of the eluate. Nevertheless, the elution profile after LC separation can be revealed by the FTIR spectra. In this study, the eluted samples were sequentially collected. Each eluted sample was dropped into a slot filled by CuO particles. After completely evaporating the mobile phase by exposing the mixture to air at room temperature for 30 min, an FTIR spectrum of each sample was recorded in the diffuse reflection mode. The FTIR spectra thus obtained were organized according to the order of the sample retention times to construct a 3D chromatogram (the first dimension is the wavenumber from an FTIR spectrum, the second dimension is the retention time, and the third dimension is the value obtained from the Kubelka-Munk function of the corresponding FTIR spectrum measured in the diffuse reflection mode). The 3D chromatogram is shown as a contour plot (Fig. 3) . From the 3D chromatogram, two separated compounds are identified. The retention times for the first and second compounds are 92.0 -100.4 and 101.0 -107.0 min, respectively. The absence of an absorption peak in the 3600 -3000 cm -1 region for the first compound excludes the possibility that the first compound is benzamide. Hence, the first compound is dioctylsebacate. From the 3D chromatogram, an FTIR spectrum of the first compound with a retention time of 92.7 -93.0 min is selected and shown as trace 1 in Fig. 4 . Strong C-H stretching bands and a strong carbonyl band at 2929 and 1738 cm -1 , respectively, are observed for the first compound, indicative of the first compound is dioctylsebacate. For comparison, the methanol solution of dioctylsebacate (sample 2) was also analyzed by LC-FTIR. Figure 4 (trace 2) shows a typical FTIR spectrum of dioctyl sebacate. The spectrum shown in trace 1 is almost the same as that shown in trace 2, confirming that the first compound is dioctylsebacate. For the second compound, a typical FTIR spectrum of the eluted sample with a retention time of 101.7 -102.0 min is shown as trace 1 in Fig. 5 . In the spectrum, two strong peaks are observed at 3371 and 3177 cm -1 for the second compound, possibly attributed to the N-H stretching vibrations. Moreover, two carbonyl bands are also observed at 1659 and 1625 cm -1 , respectively. In addition, a sharp band corresponding to the C=C stretching vibration is observed at around 1578 cm -1 . These bands are the characteristic bands of benzamide. For confirming whether the second compound is benzamide, a methanol solution of benzamide (sample 3) is also analyzed by the LC-FTIR method. A typical FTIR spectrum is shown as trace 2 in Fig. 5 . The spectrum of trace 1 in Fig. 5 is almost identical to that of trace 2 in Fig. 5 , indicating that the second compound is benzamide.
The above results demonstrate that the hyphenation of LC and FTIR using CuO as the interface is applicable in real chemical system.
For rendering LC-FTIR analysis using CuO as the interface for extensive applications in analytical chemistry, it is indispensable to realize the hyphenation of HPLC and FTIR. Thus, a preliminary investigation is performed using HPLC-FTIR analysis. A challenge of HPLC-FTIR analysis is that both the amount of the samples and the concentrations of the analytes are significantly reduced in comparison with the LC-FTIR experiment.
In this study, a mixture containing benzamide and dioctylsebacate was first separated by HPLC. The eluted peak corresponding to benzamide was identified by its absorbance at 254 nm using a diode array detector, while that corresponding to dioctylsebacate was identified by its absorbance at 190 nm. The HPLC results demonstrate that the two compounds are completely separated. The corresponding eluted sample was collected, and its FTIR spectrum was recorded. The obtained FTIR spectra of benzamide and dioctylsebacate are shown as trace 1 in Figs. 6 and 7, respectively. Although the intensities of the peaks of benzamide and dioctylsebacate in the FTIR spectra after HPLC separation are significantly reduced, characteristic bands of benzamide and dioctyl sebacate are still clearly observed. For comparison, the methanol solution containing only benzamide (sample 5) and only dioctyl sebacate (sample 6) are also analyzed by HPLC-FTIR. The corresponding FTIR spectra are shown as trace 2 in Figs. 6 and 7 . The spectrum of trace 1 in Fig. 6 is similar to that of trace 2. A similar result can be observed in Fig. 7 . The above results indicated that HPLC-FTIR by using CuO as the interface can be employed for analyzing an actual mixture. Currently, studies for improving the sensitivity of HPLC-FTIR analysis by using CuO as the interface are underway in our laboratory.
Conclusions
Despite significant potential, the hyphenation or coupling of LC and FTIR has not been extensively applied for practical analysis. A suitable interface is crucial for hyphenation. A suitable stationary phase for LC-FTIR should have prerequisites of IR transparency and particle insolubility.
Although several insoluble inorganic salts (e.g., BaF2, LaF3, AgI, ZrO2, ZnO) are transparent to IR, a number of these salts tend to adsorb a considerable amount of water, which is almost impossible to remove. In this study, CuO was found to be effective as an interface for LC-FTIR analysis, attributed to its excellent transparency to IR light. In addition, the interference from adsorbed water or conventionally used LC solvents in the FTIR spectrum was completely eliminated by using CuO particles as the interface in off-line LC-FTIR hyphenation. Satisfactory results were obtained for the off-line LC-FTIR analysis of mixtures by using CuO as the interface. These encouraging results indicated that a CuO-based off-line LC-FTIR hyphenation approach demonstrates immense potential for analyzing various systems.
